ABSTRACT
INTRODUCTION
Wide experience is available regarding the interpretation of oil analysis and failure behaviour of power transformers. However defining a maintenance strategy for MV oil-insulated switchgear (MV OIS) is difficult because there is no common vision on the failure behaviour caused by insulating oil, although the same kind of oil is used.
MV OIS deviate significantly from power transformers in both their operating conditions and construction. The main difference in the construction of MV OIS is that the insulating oil is not hermetically sealed from the environment. The effect of the "open construction" on the oil (quality) and the subsequent behaviour of the MV OIS is unknown. Therefore, it is unclear how to interpret the results of oil analysis for MV switchgears. This paper investigates the water absorption behaviour of oil and the effect thereof on switchgear operation and maintenance.
CURRENT SITUATION
Some MV oil insulated switchgears have an open construction. This implies that the oil of the installation can "breath" freely the air of the substation. In general the humidity of the air varies between 40% and 95%. The actual humidity of the air depends on weather conditions, the amount of heaters installed within the substation, the loading of the indoor power transformer, and also on the construction of the basement, floor and ventilation of the substation. Figure 1 shows an example of the relative humidity in a substation in the Netherlands equipped with electrical heaters. The figure shows the measured 5-minute average air humidity level during a week. The groundwater level is about 1.3 meter. The switchgear is covered with a plastic sheet against roof leakage. OP PL 11/12 = room humidity, ON PL 11/12 = humidity under the plastic cover sheet, ON VL 11/12 = Humidity under the floor. Therefore, it can be concluded that the relative humidity levels in air and oil are equal.
In Figure 3 the saturation curve of water in oil is given according to IEC 60422 [2] . For example at an oil temperature of 20 0 C saturation will occur at a water content of 55 ppm. An assumed relative air humidity of 70% will cause a relative water content of 70% in the oil, equalling approximately 40 ppm. For reference, depending on the type of power transformers, the water content in oil should be less than 10 -25 ppm [2] . 
INVESTIGATION
Understanding the failure behaviour due to oil is knowing the behaviour of oil under varying conditions. This information for MV oil insulated switchgear was not found in literature. Therefore, the following questions were investigated.
How fast and how much water will oil absorb from the ambient air?
The rate of increase of water content in oil under different temperatures has been investigated. In addition the influence of the oil depth on the absorption rate was investigated. The investigation was performed in a climate chamber. It was found, that for several temperatures the oil reaches a steady-state situation with a time constant up to some 80 hours; this time constant is approximately equal for top oil and oil at deeper levels. In Figure 4 the measured absorption of water in oil is given at 40 0 C and a relative humidity of the ambient air of 85%. The above implies that even new oil will adopt the humidity of the ambient air in a few weeks or months. IEC -absorption 40C -RH22% 25C -RH50% 25C -RH85% 40C -RH85% 45C -RH85% 65C -RH85%
Water absorption (40°C -85%RH)

Figure 5: Measured water content in oil
What will happen if the oil temperature drops? When the relative humidity of the ambient air drops the oil will exude water to the environment until humidity equilibrium. Investigation showed, that the rate of this exudation is comparable to the rate of absorption. Furthermore, it showed that in case the temperature is reduced below the condensation temperature (for a given water content) water in the oil will condensate if the rate of temperature decrease is much faster compared to the rate of water exudation from the oil.
In general a rapid reduction of the oil temperature (compared to the absorption rate of humidity) with 20 0 C causes a doubling of the relative humidity content in the oil (Figure 3 ). This implicates that insulating oil will show condensed water in case the relative humidity in the substation is higher than 60% and the temperature drop of the oil in the substation is higher than 20 0 C. Prague, 8-11 June 2009
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What is the effect of the (relative) water content on the breakdown voltage of oil? As discussed, oil needs time (days to weeks) to adapt to a new relative water content. Therefore the water content in oil cannot follow a fast temperature decrease of the oil (within hours), which may lead to condensation. Literature [3] indicates an almost linear relationship between breakdown voltage and the relative water content in the oil; refer Figure 6 . 
CONSEQUENCES FOR OPERATIONS
In practice the conditions of most MV switchgear installations vary slowly. Fast changing conditions can be found on feeder fields of a MV installation or in substations with poor temperature conditions for instance like containers.
For those situations the water content in the oil cannot follow the fast temperature variations (few hours). The effect is, that the relative water content in the insulating oil will vary.
In Figure 8 a calculated variation of the relative water content in oil is given for a MV OIS with low load in a substation providing poor shelter and therefore causing exposure to the climate. The temperature variation is between 5 0 C and 15 0 C, while a relative humidity of the environment of 85% is assumed. The above examples indicate, that circumstances may occur, which may lead to condensation of the water in the insulating oil. This condensation will drastically reduce the breakdown voltage of the oil.
Measurements showed low breakdown voltages for oil if it is saturated (Figure 7) . Values of 10 kV/2.5mm are observed, where the mean value was over 20 kV/2.5mm. At these low values an internal fault is possible, especially when cable tests are to be performed. Therefore it may be necessary to wait hours or days to be able to start operations like cable measurements.
CONSEQUENCE FOR MAINTENANCE
The current procedure for analysing oil is (1) getting a sample from the installation in a special bottle, (2) sending the bottle to the lab, (3) test the oil according to IEC 60156 [5] . According to IEC 60156 the breakdown voltage is determined as the average of a set of 6 tests. IEC does not mention how to deal with the temperature of the installation and substation. It only requires the oil temperature to be between 15 0 C and 25 0 C during the test.
Based on the investigation it can be concluded, that depending on the operating conditions, the oil sample may show a very high (even saturated) water content at the test temperature of 20 0 C. In general oil samples taken from installations with high oil temperature (30 0 C or higher) may well lead to a (very) high relative water content of the oil at the test temperature (20 0 C). This very high relative water content will cause a significant reduction of the breakdown voltage when tested, which does not correspond to the operating conditions. Therefore, an improvement of the IEC 60156 is to be considered for "breathing" installations. It is recommended to add a (long) delay time in the preparation procedure to be able to assess the breakdown voltage of oil in these type of installations in a comparable way. This delay time is the time the sample needs to adapt to the (standard) relative humidity and temperature of the testing room. During this preparation time the oil sample needs to "breath" with the environment.
Furthermore it is to be considered to report besides the mean breakdown voltage also the minimum measured breakdown voltage. Additionally for interpretation of the results the humidity and temperature of the storeroom and testing room have to be reported (from delivery till the measurement) as well as the preparation time.
CONCLUSIONS
The investigation showed that insulating oil in nonhermetically sealed oil-insulated MV switchgear will adopt the relative humidity of the ambient air within a limited period of time (weeks).
Since the absorption rate of water in oil is much lower than the variation rate of the operating conditions (load pattern, ambient temperature, switching off) the relative water content of the oil may reach high values (or even saturation) during cooling down.
As the relative water content strongly influences the breakdown voltage of the oil, high relative water contents (or saturation) may lead to potentially dangerous situations like an internal fault, especially during cable tests.
It is to be considered to amend IEC 60156 for determining and reporting the breakdown voltage of oil for application in MV oil-insulated switchgear.
